Introduction
============

Arthropods are the largest animal phylum, estimated to contain at least 80% of all animal species ([@evw068-B1]; [@evw068-B52]; [@evw068-B61]). Genome-wide molecular evolutionary research in this vast taxonomic group has largely focused on holometabolous insect models of the genera Drosophila, Anopheles, Tribolium, Nasonia, and Apis, or the branchiopod crustacean Daphnia ([@evw068-B85]; [@evw068-B79]; [@evw068-B69]; [@evw068-B62]; [@evw068-B29]; [@evw068-B13]; [@evw068-B49]). Recent data from emerging model species, including hemimetabolous insects (the cricket *Gryllus bimaculatus* and the milkweed bug *Oncopeltus fasciatus*) and an amphipod crustacean (*Parhyale hawaiensis*), suggest that nontraditional arthropod models can provide valuable insights into the factors shaping molecular evolution of protein-coding DNA ([@evw068-B80]). Expanding this research to include arthropods that belong to the most basally branching arthropod clade, the Chelicerata, is essential to furthering our understanding of genome evolution in the most speciose group of animals, and thus of animal genome evolution as a whole ([@evw068-B63]; [@evw068-B88]). An emerging model for comparative development and body plan evolution is the common house spider, *Parasteatoda tepidariorum* (previously *Achaearanea tepidariorum*) ([@evw068-B31]). This taxon offers promising opportunities to address key issues in evolutionary genomics.

The spiders belong to the Chelicerata, the most basally branching subphylum of the arthropods ([@evw068-B61]; [@evw068-B31]). The spider *P. tepidariorum* has historically served as a laboratory model for genetics and development, due to its rapid life cycle (\<2 months), ease of culture, high fecundity, and small size ([@evw068-B45]; [@evw068-B31]). Stages of embryogenesis and postembryonic development have also been well characterized ([@evw068-B6]; [@evw068-B47]). This arachnid has extensive functional genetic tools available ([@evw068-B45]; [@evw068-B31]) and has been employed to reveal properties of specific genes, including those involved in embryonic body patterning and germ line differentiation ([@evw068-B51]; [@evw068-B31]; [@evw068-B64]). It has also played a significant role in the studies of developmental evolution, as *P. tepidariorum* provides an outgroup to polarize studies of derived and ancestral body plan traits in the other branches of arthropods ([@evw068-B31]). Recently, large-scale transcriptome data sets from the embryonic tissues of this spider have become available ([@evw068-B56]), as well as a draft genome sequence (Stephen Richards and Alistair McGregor, personal communication; see Acknowledgements), expanding the utility of this system to include genome-wide molecular evolutionary research. In particular, the large-scale genomic and transcriptomic data sets now available make *P. tepidariorum* highly attractive as a model to investigate the evolution of protein-coding genes in a basally branching arthropod.

In protein-coding genes, the use of synonymous codons for amino acids appears to be nonrandom. Biases in codon usage may result from selection for biochemically efficient and accurate translation ([@evw068-B24]; [@evw068-B23]; [@evw068-B71]), or from mutation ([@evw068-B53]; [@evw068-B73]; [@evw068-B65]). The hypothesis of translational selection has been supported by findings that transfer-RNA (tRNA) abundance or tRNA gene copy number corresponds to the most common codons in the genome ([@evw068-B35], [@evw068-B36]; [@evw068-B23]). Furthermore, highly transcribed genes preferentially use a subset of favored codons (optimal codons) in various eukaryotic taxa, suggesting that translational selection operates in a number of fungi, plants, and animals ([@evw068-B67]; [@evw068-B70]; [@evw068-B24]; [@evw068-B18]; [@evw068-B38]; [@evw068-B83]). In the arthropods, optimal codon usage in highly expressed genes has been reported in some holometabolous insects, which are the relatively derived monophyletic group of "higher" insects that undergo true metamorphosis, such as Drosophila, Aedes, Anopheles, Nasonia, and Tribolium species ([@evw068-B24]; [@evw068-B9], [@evw068-B10]; [@evw068-B86]). However, optimal codon use appears weak or absent in other Holometabola, such as Bombyx ([@evw068-B39]; Whittle et al., unpublished data). Although data from arthropods outside Holometabola are relatively uncommon, recent findings of a connection between expression levels and codon usage from two basally branching hemimetabolous insects, a cricket (*G. bimaculatus*) and a milkweed bug (*O. fasciatus*), and from the amphipod crustacean *Parh. hawaiensis* are suggestive of translational selection in those systems ([@evw068-B80]). Expanding this research to include the spider *P. tepidariorum* will allow determination of whether optimal codons exist in the most basally branching arthropods, and if so, whether and how their use is connected to other genome evolution characteristics such as amino acid composition ([@evw068-B4]; [@evw068-B18]; [@evw068-B86]).

Research on amino acid composition relative to expression level is sparse as compared with research on codon usage. Gaining insight into amino acid preferences could advance our understanding of the dynamics underlying protein evolution, and thus warrants greater attention. Although some amino acid preferences might individually have small effects on protein function, cell biology, and/or fitness, collectively such effects may govern proteome-wide patterns of amino acid composition and evolution ([@evw068-B4]). The few studies available to date suggest that indeed amino acid usage is under selective pressures, as it correlates with expression level in some eukaryotes ([@evw068-B23]; [@evw068-B4]; [@evw068-B18]; [@evw068-B86]). Furthermore, amino acid frequency in proteins encoded by highly expressed genes appears to correspond to the most abundant tRNA in some organisms (e.g., yeast, *Caenorhabditis elegans*), consistent with selection for accurate and rapid translation ([@evw068-B23]; [@evw068-B4]). In certain eukaryotes such as humans, *Sacchraomyces cerevisiae*, *Tribolium castaneum*, and *C. elegans*, amino acids encoded in highly expressed (and presumably highly translated) genes tend to be less metabolically costly ([@evw068-B18]; [@evw068-B59]; [@evw068-B86]) and/or have low size/complexity (S/C) ([@evw068-B22]), likely reducing the biochemical energy costs of protein synthesis and of protein stability ([@evw068-B22]; [@evw068-B18]; [@evw068-B86]). Recently, it was found that for some arthropods, such as *G. bimaculatus* and *O. fasciatus*, elevated transcription is linked to greater usage of intermediate-sized amino acids (as compared with high cost), rather than the smallest possible amino acids. This may reflect a balance between minimizing average amino acid cost per protein while retaining those amino acids needed for stability, conformation, and/or function ([@evw068-B80]). Examination of these molecular evolutionary features in *P. tepidariorum* can help reveal whether expression-mediated selection ([@evw068-B76]) on codon and amino acid usage is operative in this basally branching arthropod model, and could plausibly have been present in a last common arthropod ancestor.

In the present investigation, we study optimal codon and amino acid usage in *P. tepidariorum* using recently available large-scale genomic and RNA-seq data ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). From an assessment of codon usage relative to expression levels, we provide evidence of optimization of codon usage across the majority of amino acids in this taxon. In addition, from an evaluation of amino acid frequency, we reveal that those amino acids with high S/C scores exhibit reduced usage in highly transcribed genes in favor of those with medium or low values, likely reflecting selection for reduced protein biosynthetic costs. Furthermore, we show that highly expressed genes are shorter than those expressed at lower levels, consistent with minimization of translational (and transcriptional) costs, and tend to be involved in protein synthesis and cell cycling. Collectively, these data suggest that expression-related selection acts on codon usage, amino acid frequency, and protein lengths in this spider.

Materials and Methods
=====================

For our sequence analyses of *P. tepidariorum*, we recently studied assembled coding sequence(s) (CDS) data derived from DNA-seq (whole genome sequencing: [https://i5k.nal.usda.gov/, accessed July 2015](https://i5k.nal.usda.gov/); see Acknowledgements). In order to measure expression levels of these CDSs, we used large-scale embryo RNA-seq data sets containing 332,245,126 reads from multistage embryos representing all stages of embryogenesis (stages 1--14 as per [@evw068-B47]) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online; see [@evw068-B56]). Embryos have proven effective for studying the relationship between expression levels and molecular evolution, as they are multitissue structures that collectively express a large component of the genome ([@evw068-B72]; [@evw068-B80]). For our assessment, we identified all CDSs with an ATG start and stop codon with no unknown or ambiguous nucleotides, for a total of 23,746 sequences (of a predicted 27,990 genes; [https://i5k.nal.usda.gov/; accessed July 2015](https://i5k.nal.usda.gov/)). We mapped reads to CDSs, and measured expression as fragments per kilobase million (FPKM) using Geneious 8.1 ([http://www.geneious.com; last accessed March 17, 2016](http://www.geneious.com)) run on a computing cluster (Harvard Odyssey).

Measuring Molecular Evolutionary Parameters
-------------------------------------------

For identification of optimal codons for each of the 18 amino acids with synonymous codons, we compared codon usage for the 5% of genes with the highest and lowest expression levels. The approach of comparison of codon usage profiles among the most extremely highly and lowly expressed CDSs has proven to be an effective means to reveal preferences in codon use that are linked to transcription ([@evw068-B68]; [@evw068-B24]; [@evw068-B18]; [@evw068-B17]; [@evw068-B38]; [@evw068-B78]; [@evw068-B83]; [@evw068-B80]). For each CDS per expression class, we determined the relative synonymous codon usage (RSCU), which represents the observed frequency of a specific codon relative to the expected frequency if all synonymous codons were used equally. RSCU values larger than 1 denote preferential usage of a codon, and greater values within a synonymous codon family indicate increased usage ([@evw068-B67]). Optimal codons were defined as those with a statistically significant and positive ΔRSCU = RSCU~Meanhighlyexpressed\ CDS~ − RSCU~Meanlowexpressed\ CDS~ ([@evw068-B24]; [@evw068-B18]; [@evw068-B38]; [@evw068-B78]; [@evw068-B83]; [@evw068-B80]). RSCU was determined using CAIcal ([@evw068-B57]). As a [supplementary assessment](#sup1){ref-type="supplementary-material"}, correspondence analysis of codon usage was conducted using CodonW, which predicts putative optimal codons based on distribution of codons along the principle axis, and must be confirmed with expression data ([@evw068-B54]; [http://codonw.sourceforge.net/; last accessed March 17, 2016](http://codonw.sourceforge.net/)). This was conducted to assess the agreement between the ΔRSCU and correspondence approaches.

After the identification of optimal codons, the frequency of optimal codons ([@evw068-B35]) was measured for all genes under study using CodonW ([@evw068-B54]). We also measured ENC prime (ENC′; [@evw068-B50]), which is a predictor of bias in codon usage that accounts for nucleotide composition; values range between 20 and 61 with lower values indicating greater bias. ENC′ was determined in the program INCA ([@evw068-B74]).

For our assessment of amino acid preferences, we evaluated the biochemical cost of proteins as described in [@evw068-B22], where each amino acid is assigned a size complexity score (S/C) based on its molecular weight and complexity. The S/C scores range in value from a low of 1 for Gly up to 73 for Trp, and represent the biochemical costs of production and stability in protein conformation ([@evw068-B22]; [@evw068-B86]). The S/C score provided by [@evw068-B22] for each amino acid is provided in [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. We determined the difference in the frequency among the 5% highest and lowest expressed genes for each of 20 amino acids, and as a complementary assessment measured the Spearman rank correlation between FPKM and amino acid frequency across all genes (for each amino acid). With respect to CDS length, analyses were conducted as detailed in the Results and Discussion sections.

Gene Ontology Annotation
------------------------

For gene ontology (GO) annotation, we used data from the taxon *Drosophila melanogaster*, which has a well-annotated genome. In particular, we compared the spider CDS list with the *D. melanogaster* protein sequence database (v. 6, flybase.org; last accessed March 17, 2016) using BLASTX ([http://blast.ncbi.nlm.nih.gov/; last accessed March 17, 2016](http://blast.ncbi.nlm.nih.gov/)) to identify likely orthologs. A similar approach was conducted using Swissprot as the reference database (Release 2015_09; [http://www.uniprot.org; last accessed March 17, 2016](http://www.uniprot.org)). The ortholog was identified as the protein with the lowest *e*-value, with a cutoff of 10^−6^ for *D. melanogaster* and *e* \< 0.01 in Swissprot. The GO tool DAVID ([@evw068-B34]) was used for functional classification of genes under study.

Results and Discussion
======================

Following mapping of the complete list of RNA-seq reads to the genomic CDSs, we found that a total of 19,936 genes in *P. tepidariorum* (see Materials and Methods) were expressed in embryos (FPKM \> 0), with an average expression FPKM value of 100.4 ± 4.8. This gene set was used for all our subsequent analyses.

Optimal Codon Usage
-------------------

The ΔRSCU values for each of 18 amino acids with synonymous codons are shown in [table 1](#evw068-T1){ref-type="table"}. We found that 14 of the 18 amino acids with synonymous codons had an optimal codon with a statistically significant and positive ΔRSCU in *P. tepidariorum*. Twelve of the putative optimal codons ended in T, while two, namely Lys (AAG) and Leu (TTA; note that TTG also showed signs of being an optimal codon), ended in G and A, respectively. The strong link between high expression and the frequency of T3 codons suggests that selection contributes to codon usage in this spider species. Correspondence analysis of codons across all CDSs using CodonW predicted the 13 of 14 optimal codons in [table 1](#evw068-T1){ref-type="table"}, with the only exception being Lys (changed to AAA). The remaining four amino acids with no optimal codons in [table 1](#evw068-T1){ref-type="table"} had putative optimal codons identified in correspondence analysis (Cys (TGT), Gln (CAA), Glu (GAA), His (CAT)), but were not included further because they were not confirmed using our expression data, as required for defining them as optimal codons ([@evw068-B54]).

###### 

The List of ΔRSCU Values for Spider among the 5% Highest and Lowest Expressed CDS in *Parasteatoda tepidariorum* Embryonic Tissues

  Amino Acid   Codon            ΔRSCU                                                *P* value
  ------------ ---------------- ---------------------------------------------------- --------------------------------------------
  Ala          **[GCT]{.ul}**   **+0.360**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ala          GCC              −0.028                                               
  Ala          GCA              −0.190                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ala          GCG              −0.190                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Arg          **[CGT]{.ul}**   **+0.233**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Arg          CGC              −0.079                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Arg          CGA              −0.100                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Arg          CGG              −0.074                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Arg          AGA              −0.109                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Arg          AGG              −0.020                                               
  Asn          **[AAT]{.ul}**   **+0.079**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Asn          AAC              −0.121                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Asp          **[GAT]{.ul}**   **+0.105**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Asp          GAC              −0.163                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Cys          TGT              −0.078                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Cys          TGC              −0.269                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Gln          CAA              −0.088                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Gln          CAG              +0.002                                               
  Glu          GAA              +0.007                                               
  Glu          GAG              −0.045                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Gly          **[GGT]{.ul}**   **+0.179**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Gly          GGC              −0.058                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Gly          GGA              −0.095                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Gly          GGG              −0.127                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  His          CAT              −0.031                                               
  His          CAC              −0.156                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ile          **[ATT]{.ul}**   **+0.164**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ile          ATC              −0.028                                               
  Ile          ATA              −0.181                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Leu          **[TTA]{.ul}**   **+0.086** [^a^](#evw068-TF2){ref-type="table-fn"}   [\*](#evw068-TF3){ref-type="table-fn"}
  Leu          TTG              +0.089                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Leu          CTT              +0.021                                               
  Leu          CTC              −0.090                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Leu          CTA              −0.057                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Leu          CTG              −0.062                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Lys          AAA              −0.078                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Lys          **[AAG]{.ul}**   **+0.064**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Phe          **[TTT]{.ul}**   **+0.034**                                           [\*](#evw068-TF3){ref-type="table-fn"}
  Phe          TTC              −0.106                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Pro          **[CCT]{.ul}**   **+0.356**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Pro          CCC              −0.057                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Pro          CCA              −0.270                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Pro          CCG              −0.179                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ser          **[TCT]{.ul}**   **+0.343**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ser          TCC              −0.106                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ser          TCA              −0.181                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ser          TCG              −0.233                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ser          AGT              +0.182                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Ser          AGC              −0.065                                               [\*](#evw068-TF3){ref-type="table-fn"}
  Thr          **[ACT]{.ul}**   **+0.290**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Thr          ACC              −0.006                                               
  Thr          ACA              −0.147                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Thr          ACG              −0.224                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Tyr          **[TAT]{.ul}**   **+0.053**                                           \*
  Tyr          TAC              −0.168                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Val          **[GTT]{.ul}**   **+0.234**                                           [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Val          GTC              −0.120                                               [^\*\*^](#evw068-TF3){ref-type="table-fn"}
  Val          GTA              −0.044                                               
  Val          GTG              −0.106                                               [\*\*](#evw068-TF3){ref-type="table-fn"}

N[ote]{.smallcaps}.---Putative optimal codons are underlined and in bold.

*P* value of TTA was lower than TTG.

\**P* ≤ 0.05 and \>0.001; \*\**P* ≤ 0.001.

### Optimal Codon Usage Varies with Degeneracy

The magnitude of bias in usage of the optimal codon varied among amino acids. Four-fold and 3-fold amino acids had very large positive ΔRSCU values. Specifically, we found values of 0.360, 0.179, 0.164, 0.356, 0.290, and 0.234 for Ala, (GCT), Gly (GGT), Ile (ATT), Pro (CCT), Thr (ACT), and Val (GTT), respectively ([table 1](#evw068-T1){ref-type="table"}). Variation in ΔRSCU among the 4-fold amino acids, wherein all four nucleotides can exist in the third position, is consistent with selection, rather than solely mutational pressures shaping codon usage. In addition, two of the three amino acids with six synonymous codons also had very high ΔRSCU values of +0.233 for Arg (CGT) and +0.343 for Ser (TCT); the only exception with a relatively moderate value was Leu (TTA) with +0.086 (or TTG with +0.089). In contrast, the four amino acids without putative optimal codons were those with only two alternate codons, namely Cys, Gln, Glu, and His. The other five 2-fold degenerate amino acids with optimal codons exhibited relatively low ΔRSCU, with values between 0.034 and 0.105 for Asn (AAT), Asp (GAT), Lys (AAG), Phe (TTT), and Tyr (TAT). Together, this suggests that selection pressures may be reduced for those amino acids with lower degeneracy. This may indicate that the costs of inserting a nonoptimal codon are higher when the amino acid has a greater number of synonymous codons and alternate tRNAs. These findings in the spider *P. tepidariorum* concur with recent results found in the hemimetabolous insects *G. bimaculatus* and *O. fasciatus*, and the amphipod crustacean *Parh. hawaiensis* ([@evw068-B80]), which also showed variation in ΔRSCU of the optimal codon among amino acids. Similarly, in Caenorhabditis, optimal codons of all three 6-fold degenerate amino acids were found to have higher ΔRSCU including Arg, Leu, and Ser ([@evw068-B18]) and differences in selection on optimal codons among amino acids has been suggested for Drosophila ([@evw068-B48]).

Collectively, these patterns are consistent with a hierarchy of selection coefficients that has been proposed to exist among codons and amino acids ([@evw068-B46]; [@evw068-B18]; [@evw068-B80]). It can be speculated that the higher ΔRSCU for more degenerate amino acids might result from the need for more than one tRNA for non--2-fold amino acids (as wobble rules allow a single tRNA for 2-fold degenerate amino acids; [@evw068-B36]; [@evw068-B55]); this could, for instance, cause greater competition among tRNAs. Combining our present findings across amino acids in *P. tepidariorum* ([table 1](#evw068-T1){ref-type="table"}) with those from other arthopods ([@evw068-B48]; [@evw068-B80]) and nematodes ([@evw068-B18]), it appears that a propensity for greater pressure for optimal codons use in more degenerate amino acids may be common in the Arthropoda, and potentially more broadly across animals.

### Selection Contributes toward Optimal Codon Usage

We subdivided the CDSs into three classes: Those with the highest 5% (high), moderate 90% (moderate), and lowest 5% (low) expression levels, and observed clear and statistically significant differences in Fop among classes ([fig. 1*A*](#evw068-F1){ref-type="fig"}). Binning was conducted to evaluate the link between expression and Fop, as such effects might be weaker in unbinned correlative data, where the relationship would be predominantly influenced by genes with lower expression levels, as these are more abundant. Nevertheless, Fop was positively correlated with FPKM level when assessed across all expressed genes (*R* = 0.29, *P* \< 10^−15^). The clear statistical demarcations in Fop values among expression level classes ([fig. 1*A*](#evw068-F1){ref-type="fig"}) indicate that the method of contrasting the most and least highly expressed genes, a method with extensive precedent in other organisms, was advantageous for revealing optimal codon lists in this spider ([@evw068-B24]; [@evw068-B18]; [@evw068-B38]; [@evw068-B78]; [@evw068-B83]; [@evw068-B80]). We found that ENC′ decreased from the low (50.8 ± 0.14), to the moderate (49.50 ± 0.05), to the high (47.8 ± 0.21) expression classes (Mann--Whitney *U* \[MWU\] test, *P* \< 0.001). Thus, this secondary measure, which controls for nucleotide composition, concurs with elevated biased codon usage in the high expression class in this spider.

![(*A*) The mean Fop value for CDS with low (below the 5th percentile), moderate (between 5th and 95th percentile), and high (\>95th percentile) FPKM values for genes expressed in embryos. Different letters indicate statistically significant differences using ranked ANOVA (*P* \< 0.001) and Dunn's paired contrasts (*P* \< 0.05). (*B*) The mean proportion of *T* at third codon positions (T3) per CDS and *T* from associated introns for each expression category. (*C*) The mean proportion of *T* at third codon positions for 4-fold amino acids (T4) per CDS and *T* from associated introns for each expression category. For genes with more than one intron, the introns were concatenated. Different letters in B and C indicate a difference using MWU tests (*P* \< 0.001 for all pairs).](evw068f1p){#evw068-F1}

Although a connection between Fop and expression level as reported here for *P. tepidariorum* ([table 1](#evw068-T1){ref-type="table"} and [fig. 1*A*](#evw068-F1){ref-type="fig"}) is typically explained by translational selection, an alternative possibility is that high transcription rates might be linked to a mutational bias that would result in disproportionate use of the optimal codons in highly expressed genes ([@evw068-B11]; [@evw068-B15]). For instance, it is feasible that highly transcribed genes have a mutational bias that leads to elevated C to T mutations, as has been found in *Escherichia coli*, and/or a transcription-coupled repair mutational asymmetry ([@evw068-B11]; [@evw068-B28]). Mutational biases can be assessed by comparing T content of noncoding DNAs such as introns, which are largely selectively neutral, with T content at third sites of codons per CDS (because nearly all optimal codons end in T, and Fop and T3 were highly correlated Spearman's ranked *R* = 0.85, *P* \< 2.0 × 10^−7^; [supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) ([@evw068-B15]; [@evw068-B8]; [@evw068-B58]; [@evw068-B86]). Elevated T in the third position of codons as compared with T of introns would be suggestive of selection.

As a further assessment of whether selection was a factor contributing to the preferential use of optimal codons in highly expressed CDSs, we identified 17,352 gene sequences expressed in embryos that had one or more introns based on the studied assembly (note: In [fig. 1*B*](#evw068-F1){ref-type="fig"}, introns were concatenated for analysis when a gene had more than one intron; see below for unconcatenated introns). We report that the introns for embryo genes in this spider had high AT content (mean = 0.667 ± 4.0 × 10^−4^), with approximately similar levels of A (0.336 ± 2.0 × 10^−4^) and T (0.337 ± 3.3 × 10^−4^; [fig. 1*B*](#evw068-F1){ref-type="fig"}), suggesting a substantial mutational AT bias. The T3 in exons increased in proportion from the low, to moderate and high expression classes, and was higher than the proportion of T in introns (*T*~intron~), particularly for highest expression class (MWU tests, *P* \< 0.001; [fig. 1*B*](#evw068-F1){ref-type="fig"}). *T*~intron~ showed very mild variation across expression levels, and no difference between moderate and high expressed genes ([fig. 1*B*](#evw068-F1){ref-type="fig"}). In contrast, average A3 of exons was between 0.318 and 0.320 (standard errors \<1.8 × 19^−3^), which is within a similar range (or mildly lower) as introns, implying that mutational pressure may largely influence A3 in exons. Thus, these results are consistent with expression-mediated elevation of T3 codon usage in this spider. Herein, T3 is a conservative measure of optimal codon usage and selection because 12 of 18 amino acids have T-ending codons (while the proportion of T3 in CDS is measured across all amino acids, rather than only those utilizing optimal codons), and because third codon sites are not entirely synonymous, but rather include some nonsynonymous sites (potentially affecting the proportion of T3). We thus assessed the frequency of T in the third nucleotide site across the five 4-fold amino acids (Ala, Gly, Pro, Thr, and Val), described hereafter as T4. Each 4-fold amino acid has a T3 optimal codon defined herein ([table 1](#evw068-T1){ref-type="table"}), and the third nucleotide site is always synonymous, thus providing a robust measure of selection for T-ending codons. The results showed that T4 was markedly higher (\>20%) than T~intron~ for the highest expression class, and to a lesser extent for the moderate and low classes (MWU tests, *P* \< 0.001; [fig. 1](#evw068-F1){ref-type="fig"}C), thus providing a stronger signal (than T3) of expression-mediated selection. Notably, analysis of solely those genes with introns (instead of all 19,936 genes under study) yielded nearly identical results for Fop, T3, and T4 (data not shown). In sum, it is evident that selection is a contributing factor involved in shaping codon usage under high expression in this taxon.

As it has been reported in some eukaryotes that short introns are nearly entirely selectively neutral ([@evw068-B26]), while long introns can be subject to selection, as a complementary assessment we classified all introns of embryo expressed genes (unconcatenated, *N* = 90,851) into two classes, short and long, divided by the median across the expressed gene set ([@evw068-B30]). For the long introns, we also removed the 50 bp at each end of the intron, which are most prone to be involved in regulatory processes ([@evw068-B86]). We report that *T*~intron~ for short and long introns was lower than T4 in all expression classes, with the greatest differences observed in the highly expressed genes ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}*A* and *B*, [Supplementary Material](#sup1){ref-type="supplementary-material"} online; MWU tests, *P* \< 0.001 for all paired contrasts), further concurring with selection on codon usage in this spider.

### Optimal Codon Usage in P. tepidariorum as Compared with Other Organisms

Our results showing that most putative optimal codons end in T in this spider differ from those based on studies of some other animal models studied to date, including Drosophila spp., *T. castaneum*, and *C. elegans*, and from the well-studied eukaryotic model yeast (*Schizosaccharomyces pombe*) ([@evw068-B24]; [@evw068-B3]; [@evw068-B18]; [@evw068-B86]), wherein optimal codons typically end in G or C. However, our findings are similar to results in chicken (*Gallus gallus*), where it was reported that each of the 11 optimal codons identified in that taxon ended in T ([@evw068-B60]). Furthermore, recent data from the hemimetabolous insects cricket (*G. bimaculatus*) and milkweed bug (*O. fasciatus*) suggest that putative optimal codons nearly always end in AT in those organisms ([@evw068-B80]). In plants, species of Picea have been shown to have AT3 optimal codons ([@evw068-B19]), while species of Populus have GC3 optimal codons ([@evw068-B37], [@evw068-B38]), consistent with divergence in the types of optimal codons in that plant taxonomic group. Together, the growing data from nontraditional animal models, including spider, show that animals can exhibit marked differences in optimal codon usage, and that A- or T-ending codons may be favored across the majority of amino acids in some animal systems.

It has been suggested that six codons (UUC, UAC, AUC, AAC, GAC, and GGT) are universally optimal across the tree of life, based on analysis of bacteria, yeast, and *D. melanogaster* ([@evw068-B66]). We found herein, however, that only one of these codons was optimal in the common house spider (GGT for glycine; [table 1](#evw068-T1){ref-type="table"}). This agrees with results from chicken, cricket, and milkweed bug, wherein GGT was the only one of six "universally optimal" codons found to be optimal in those taxa ([@evw068-B60][@evw068-B80]). In this regard, it is evident that the universal codon concept does not appear to hold in all animals, including the basally branching arthropod *P. tepidariorum*.

Amino Acid Usage
----------------

We evaluated the biochemical cost of proteins as described by [@evw068-B22], wherein amino acids are assigned a size complexity score (S/C) based on their molecular weight and complexity. Using an approach parallel to that used to identify optimal codons, we identified amino acids preferred under high expression by comparing their frequency in the 5% highest and lowest expressed CDSs in embryos. The results are shown in [table 2](#evw068-T2){ref-type="table"}. In addition, we further assessed the relationship between amino acid frequency and FPKM using Spearman rank correlation coefficients (*R*) across all genes ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), which is a correlative method comparable with that used in prior studies ([@evw068-B76]; [@evw068-B86]). The results from the two approaches strongly agree. Specifically, nine of the ten amino acids (Met, Gly, Lys, Ala, Glu, Val, Gln, Asp, Pro; exception Arg) with increased use frequency under high (top 5%) versus low (lowest 5%) expression ([table 2](#evw068-T2){ref-type="table"}; note: Not all statistically significant) had a positive *R* value, and all ten amino acids with decreased use frequency under high expression (Cys, Trp, Asn, Ile, Ser, His, Thr, Phe, Tyr, Leu) had a negative and statistically significant *R* value ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The *R* values were all of mild or moderate magnitude (absolute values all \<0.12), likely due to the inclusion of all genes in correlations, and to inherent variation in the relationship between expression and amino acid frequency at intermediate use values, where selection pressures are apt to be weaker than in the highest expression class. The magnitude of *R* observed here is in line with the *R* values reported in other organisms such as beetles (*T. castaneum*) and humans ([@evw068-B76]; [@evw068-B86]).

###### 

The Mean Frequency (percentage and standard error, SE) of Amino Acids in the 5% of Most Highly and Lowly Expressed Genes in *Parasteatoda tepidariorum* Embryos

  Amino Acid   Mean Frequency (SE)   Percent Difference   *P* Value   S/C Score                                    Types of Codons   
  ------------ --------------------- -------------------- ----------- -------------------------------------------- ----------------- -------------
               *High Expression*     *Low Expression*                                                                                
  Met          3.087 (0.056)         2.324 (0.037)        24.71       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   64.68             ATG
  Gly          6.002 (0.123)         5.038 (0.102)        16.06       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   1                 GGN
  Lys          8.514 (0.130)         7.298 (0.081)        14.29       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   30.14             AAA/AAG
  Ala          6.035 (0.092)         5.228 (0.068)        13.37       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   4.76              GCN
  Glu          6.941 (0.116)         6.226 (0.070)        10.30       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   36.48             GAA/GAG
  Val          6.371 (0.088)         5.857 (0.060)        8.057       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   12.28             GTN
  Gln          3.752 (0.073)         3.540 (0.052)        5.648                                                    37.48             CAA/CAG
  Arg          5.336 (0.098)         5.107 (0.063)        4.275                                                    56.34             CGN/AGA/AGG
  Asp          5.278 (0.086)         5.120 (0.058)        2.983                                                    32.72             GAT/GAC
  Pro          4.557 (0.093)         4.443 (0.077)        2.496                                                    31.8              CCN
  Leu          8.840 (0.108)         9.440 (0.081)        −6.79       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   16.04             CTN/TTA/TTG
  Tyr          3.293 (0.065)         3.575 (0.054)        −8.56       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   57                TAT/TAC
  Phe          4.330 (0.082)         4.770 (0.058)        −10.1       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   44                TTT/TTC
  Thr          5.077 (0.076)         5.666 (0.062)        −11.5       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   21.62             ACN
  His          2.160 (0.056)         2.427 (0.052)        −12.3       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   58.7              CAT/CAC
  Ser          7.044 (0.102)         8.089 (0.075)        −14.8       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   17.86             TCN/AGT/AGC
  Ile          5.810 (0.081)         6.712 (0.065)        −15.5       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   16.04             ATT/ATC/ATA
  Asn          4.622 (0.073)         5.474 (0.065)        −18.4       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   33.72             AAT/AAC
  Trp          1.019 (0.044)         1.212 (0.027)        −18.9       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   73                TGG
  Cys          1.915 (0.071)         2.443 (0.059)        −27.5       [^\*\*^](#evw068-TF6){ref-type="table-fn"}   57.16             TGT/TGC

N[ote]{.smallcaps}.---Amino acids are listed from the largest positive percent difference to largest negative percent difference among high and low expressed genes.

\*\**P* \< 0.001 using MWU-tests. The types of codons used for each amino acid are shown.

Importantly, five of the six amino acids with mid-range S/C scores (between 30.14 and 37.48; Lys, Glu, Gln, Asp, and Pro) exhibited a greater usage in high than low expressed CDS ([table 2](#evw068-T2){ref-type="table"}), and had a statistically significant and positive correlation with expression level (all *R* values statistically significant; [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), consistent with their preferential usage under high transcription. In terms of amino acids exhibiting decreased frequency under high expression, we found a statistically significant decline in frequency (between 8.6% and 27.5%) in at least five of the seven amino acids with a large S/C score (\>40), namely Cys (S/C score = 57.16), Trp (73.00), His (58.70), Phe (44.00), and Tyr (57.00) (and possibly Arg, S/C score = 56.34; [table 2](#evw068-T2){ref-type="table"} and [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). An exception appears to be Met, which exhibits both a high S/C score and greater usage under elevated expression ([table 2](#evw068-T2){ref-type="table"} and [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Collectively, the comparison of high and low expressed genes, and the correlation methods used ([table 2](#evw068-T2){ref-type="table"} and [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), indicate that elevated transcription is linked to higher frequency of amino acids with very low (Gly and Ala) and mid-range metabolic costs (Lys, Glu, Gln, Asp, Pro), and decreased frequency of high-cost amino acids (Tyr, Phe, Trp, His, Cys, and possibly Arg; [table 2](#evw068-T2){ref-type="table"} and [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We note that while we do not exclude the possibility that protein function contributes to reduced or greater usage of specific amino acids, it appears unlikely that the expression levels of the most highly expressed genes is unrelated to their level of usage of five (and possibly six) of the amino acids with the highest S/C scores (\>40).

Remarkably, the correlations between amino acid usage and expression levels reported here in spider ([table 1](#evw068-T1){ref-type="table"}) are similar to those reported in humans ([@evw068-B76]). For instance, Met, Gly, Lys, Ala, Glu, and Val all show a statistically significant positive correlation with expression level in spiders and in humans, while the two amino acids with the greatest negative correlation with expression level in spiders (Cys, Trp) also have among the largest negative correlations in humans. In the red flour beetle *T. castaneum*, it was reported that high expression level correlates with increased usage of the moderate and the lowest cost amino acids, believed to minimize metabolic costs of protein biosynthesis ([@evw068-B86]). These amino acids included Gly (S/C score = 1), which was also found to exhibit elevated usage under high expression herein. For the hemimetabolous insects *G. bimaculatus* and *O. fasciatus*, moderate-sized amino acids were preferred under high expression ([@evw068-B80]), while in the Nematoda amino acid usage in the genus Caenorhabditis is also correlated with expression level ([@evw068-B18]). A common feature of these divergent invertebrate and vertebrate studies is that amino acid usage appears to be subject to selective pressures in highly transcribed genes. As such data remain sparse for metazoans, further studies in other animals, including other nontraditional arthropod models, will be essential to furthering our understanding of how amino acid preferences are involved in shaping the evolution of animal coding DNA ([@evw068-B4]).

It is noteworthy that certain amino acids showing the greatest increase in frequency with expression level have codons with no T nucleotides in the first or second position, for instance Gly (GGN), Lys (AAA, AAG), and Ala (GCN), while some amino acids with markedly decreased usage under high expression, such as Cys (TGT, TGC), Trp (TGG), and Ile (ATT, ATC, ATA), have a T nucleotide in the nonsynonymous first (a position where 96% of substitutions are nonsynonymous) or second positions ([tables 1](#evw068-T1){ref-type="table"} and [2](#evw068-T2){ref-type="table"}). This suggests that while high transcription promotes the usage of T3 optimal codons, it does not promote greater usage of amino acids with T in first or second position under high expression in this spider. As shown in [table 2](#evw068-T2){ref-type="table"}, the amino acid's greatest shifts in frequency (between high vs. low expression) exhibit no consistent preferences for GC-rich or AT-rich codons. Together, this suggests that elevated expression does not favor increased usage of amino acids with specific nucleotides, but does favor/disfavor specific amino acids based on S/C score.

Spider Protein Length and Molecular Evolution
---------------------------------------------

### Highly Transcribed Genes Encode Short Proteins

Protein length has been negatively correlated with expression level in various eukaryotes including multiple pancrustaceans (insects and crustaceans), humans, yeast, and some plants ([@evw068-B4]; [@evw068-B76]; [@evw068-B15]; [@evw068-B41]; [@evw068-B37]; [@evw068-B82]; [@evw068-B86]). However, no such effect was observed in one study of *Arabidopsis thaliana*, *C. elegans*, and *D. melanogaster* ([@evw068-B24]). We asked whether such a correlation was detectable for the spider by using our prior classifications of expression levels, namely high (above the 95th percentile), moderate (between the 5th and 95th percentile), and low (below the 5th percentile). We report that CDS length decreased markedly with increasing transcript expression level in *P. tepidariorum*. As shown in [supplementary figure S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, CDS length decreased progressively from the low expression class (mean CDS length \[number of codons\] = 457.0 ± 14.8), to the moderate (322.5 ± 2.4), and to the highest expression class (160.9 ± 3.7) (*P*-value ranked ANOVA \< .001, all Dunn's paired contrasts \< .05). Furthermore, within each of the three expression classes, we found a negative correlation between CDS length and FPKM (high expression Spearman's ranked *R* = −0.109, *P* = 5.3 × 10^−4^; moderate expression *R* = −0.098, *P* = 2.0 × 10^−7^; low expression *R* = −0.193, *P* = 4.6 × 10^−12^). In this regard, highly expressed genes generally encode short proteins in this basally branching arthropod, similar to numerous other multicellular eukaryotes ([@evw068-B4]; [@evw068-B76]; [@evw068-B15]; [@evw068-B41]; [@evw068-B37]; [@evw068-B82]; [@evw068-B86]). The shorter length of highly transcribed CDS is thought to result from selection to reduce the costs of transcription, translation, and amino acid biosynthesis and transport for abundant proteins ([@evw068-B48]; [@evw068-B3], [@evw068-B4]). Accordingly, our collective data herein suggest that CDS length, Fop, and amino acid usage ([table 2](#evw068-T2){ref-type="table"} and [fig. 1](#evw068-F1){ref-type="fig"}) have evolved in concert to promote economical protein synthesis of highly expressed genes in *P. tepidariorum*.

Given that moderately and lowly expressed CDSs are longer ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), their reduced Fop (as compared with the highest expression class; [fig. 1](#evw068-F1){ref-type="fig"}) might be partly explained by genetic linkage effects including selective sweeps, background selection, and interference among synonymous codon mutations, which may have greater effects in longer coding regions ([@evw068-B16]; [@evw068-B3]; [@evw068-B12]; [@evw068-B42]; [@evw068-B81]). As an example, under selective sweeps, positive selection on amino acid mutations may drag linked nonoptimal mutations to fixation ([@evw068-B12]; [@evw068-B40]; [@evw068-B7]; [@evw068-B81]). Genes with lower expression levels have also been shown to be subject to weaker purifying selection ([@evw068-B72]). This may allow an excess of slightly deleterious nonoptimal codon mutations to linger (at polymorphic sites) in populations and ultimately be fixed by selective sweeps, potentially contributing to the low Fop in the moderate and low expressed CDS (which are longer) observed herein ([fig. 1](#evw068-F1){ref-type="fig"}). In addition to genetic linkage effects, another potential explanation for reduced Fop among moderately and lowly expressed CDS (as compared with highly expressed CDS) may be that they are nonessential or contribute little or not at all to an organism's fitness, which can lead to relaxed selection ([@evw068-B43]) and the fixation of nonoptimal codon mutations via genetic drift. As selection on synonymous codons is believed to be weak, with NeS ∼1 ([@evw068-B2]; [@evw068-B5]), even a modest reduction in selection pressure due to lower expression levels may lead to fixation of nonoptimal codons via neutral drift, and thereby reduce Fop. Similar to optimal codon usage, genetic linkage and/or genetic drift may contribute toward the reduced usage of favored amino acids observed under lower expression ([table 2](#evw068-T2){ref-type="table"}). Further genomic data for a wider range of Parasteatoda species, and population level data, will allow additional tests of the role of genetic linkage, including selective sweeps ([@evw068-B12]; [@evw068-B7]; [@evw068-B82]; [@evw068-B81]), and the influence of relaxed selection ([@evw068-B5]; [@evw068-B84]) in shaping codon and amino acid usage in moderately/lowly expressed genes in this spider genus. Nevertheless, our finding that highly expressed CDSs encode short proteins in *P. tepidariorum* ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) is consistent with selection to reduce the biochemical costs of transcription and/or translation of major proteins; this highly transcribed subset of genes is apt to be least affected by genetic linkage or relaxed selection due to the shortness of CDS and their high expression, respectively.

### Optimal Codon Usage: Interaction between CDS Length and Expression Level Effects

A number of studies in multicellular eukaryotes including animals, plants, and fungi have reported that within expression classes, shorter CDSs have higher codon bias (e.g., *D. melanogaster*, *C. elegans*, and other species of Caenorhabditis, *A. thaliana*, *Silene latifolia*, *Populus tremula*, *Neurospora tetasperma*, and *Neurospora discreta*; [@evw068-B24]; [@evw068-B37]; [@evw068-B17]; [@evw068-B87]; [@evw068-B58]; [@evw068-B83]). However, no such gene-length effects were observed in other organisms (e.g., some species of Caenorhabditis and Populus; [@evw068-B17]; [@evw068-B38]). Thus, we next considered whether CDS length influences codon usage within expression classes in this spider. To determine this, we conducted a two-way ANOVA with Fop as the dependent variable and gene length (divided into three discrete classes: Short \[\<250 codons\], intermediate \[between 250 and 500 codons\], and long \[\>500 codons\]) and expression level (high, moderate, low) as categorical parameters. The results revealed that Fop is indeed depended on the interaction between expression level and CDS length (*P* = 0.007; [supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Accordingly, we examined Fop for each combination of expression level and CDS length. We report that for the highest expression class, CDS length had no observable effect ([fig. 2](#evw068-F2){ref-type="fig"}; ranked ANOVA *P* \> 0.05); thus, expression level, rather than the short average length of highly transcribed genes ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), shapes Fop in this class ([fig. 1](#evw068-F1){ref-type="fig"}). However, gene length did have an effect within the lower expression classes. Specifically, for moderately expressed CDS, Fop increased from the short, to intermediate, to long CDS. Similarly, for lowly expressed CDS, Fop was lower for the short than intermediate and long length classes (ranked ANOVA and Dunn's *P* \< 0.05 for all significant contrasts; [fig. 2](#evw068-F2){ref-type="fig"}). This implies that longer CDSs have elevated Fop, at least for genes with moderate or low expression levels, and are opposite to results reported in most multicellular eukaryotes studied to date ([@evw068-B24]; [@evw068-B37]; [@evw068-B17]; [@evw068-B87]; [@evw068-B58]; [@evw068-B83]). Thus, this spider may be an anomalous multicellular eukaryote in this respect, wherein longer CDSs (among genes with similar expression) exhibit high Fop. The findings suggest that the high costs of longer CDSs in the moderate and low expression classes may be mitigated by enhanced optimal codon usage, and is similar to results reported for some prokaryotes such as *E. coli* ([@evw068-B25]; [@evw068-B48]; [@evw068-B3]). In this respect, these results concur with [@evw068-B25] and [@evw068-B48] who proposed that for proteins translated at the same level, selection favoring optimal codons should be stronger for long proteins.

![Box and whisker plots of Fop relative to expression (Exp.) and CDS length (short, intermediate, long). Different letters within each expression class indicate a statistically significant difference between lengths using ranked ANOVA (*P* \< 0.001) and Dunn's paired contrasts (*P* \< 0.05).](evw068f2p){#evw068-F2}

It is important to note that, as shown in [figure 2](#evw068-F2){ref-type="fig"}, Fop increased from the low, to moderate, to the highest expression class for the short, intermediate, and for the long CDS classes (ranked ANOVA and Dunn's *P* \< 0.05; only one paired contrast was nonsignificant for the moderate and high expressed long CDS). These trends further confirm the relationship found between expression level and Fop regardless of CDS length ([fig. 1](#evw068-F1){ref-type="fig"}). In this regard, it is evident that expression plays the more pervasive role in shaping codon usage in spider, and that CDS length has a minor, though not irrelevant, effect that is restricted to the moderately and lowly expressed CDS classes. Taken together, we argue that the greatest effect of CDS length on spider fitness might not be its role in codon usage, but rather in the fact that highly transcribed genes are shorter than their moderate and low expressed counterparts ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) reducing the biosynthetic costs of abundant transcripts and proteins.

Orthology and Function of Spider Genes under Study
--------------------------------------------------

We next wished to identify *D. melanogaster* orthologs for our genes under study. The objective in identification of these orthologs was to allow us to (1) examine the likely functions of the spider genes studied herein, and (2) determine whether the orthologous genes in a divergent arthropod displayed similar relationships between codon use and expression levels as those found in the spider. To this end, we identified the likely *D. melanogaster* orthologs of *P. tepidariorum* genes, using the top hit resulting from BLASTX to the *D. melanogaster* protein list with a cutoff value of 10^−6^ (see Methods). We note that using a reciprocal best BLAST hit criterion to identify putative orthologs yielded the same results (data not shown). Out of the 19,936 spider CDS under study herein, we identified putative *D. melanogaster* orthologs for 10,830 of these (54.3%), reflecting the substantial divergence among these arthropods. In addition to using *D. melanogaster* protein sequences, we attempted to identify additional putative orthologs for the spider CDS set using the protein database Swissprot (<http://www.uniprot.org>; last accessed March 17, 2016), but found little improvement (*N* = 11,141, compared with the 10,830 obtained by comparing with *D. melanogaster* alone). This may be because even more divergent reference species are included in that database (the top five species represented are human \[*Homo sapiens*\], mouse \[*Mus musculus*\], the plant thale cress \[*A. thaliana*\], rat \[*Rattus norvegicus*\], and yeast \[*S. cerevisiae*\]; [http://web.expasy.org/docs; last accessed March 17, 2016](http://web.expasy.org/docs/relnotes/relstat.html)). The proportion of likely orthologs found here for spider genes using fly for comparison is in line with results observed for other animal taxa sharing a most recent last common ancestor in a similar time frame; for instance, about 70% of genes in humans are suggested to have likely orthologs in zebrafish ([@evw068-B33]). We speculate that the subset of spider genes without clearly defined orthologs in *D. melanogaster* or Swissprot has evolved rapidly, precluding likely orthology assignment via sequence similarity alone, and/or that this subset contains some genes specific to the spider lineages.

### Spider Gene Orthologs and Functional Annotation

Having identified likely *D. melanogaster* orthologs of a majority of the spider genes under study herein, we next studied GO for the highly expressed CDS set. We used *D. melanogaster* for this GO annotation as it is well annotated ([www.flybase.org; last accessed March 17, 2016](http://www.flybase.org)). Using the GO tool DAVID ([@evw068-B34]), we found that the highly expressed CDSs from *P. tepidariorum* were enriched in genes involved in protein synthesis (see cluster 1; [table 3](#evw068-T3){ref-type="table"}), including ribosomal proteins, cytosolic ribosomes, and ribosomal subunits, consistent with high transcription rates reported for these essential genes in other organisms ([@evw068-B78]; [@evw068-B80]). The second group (cluster 2; [table 3](#evw068-T3){ref-type="table"}) included genes involved in the cell cycle, including functions classified as mitotic cell cycle, spindle organization, and cell cycle processes. To a lesser extent, the high expression class also contained various housekeeping genes such as those involved in mitochondrial activity and ATP synthesis (clusters 3 and 4; [table 3](#evw068-T3){ref-type="table"}). Thus, we conclude that the highly expressed genes in *P. tepidariorum*, which are most prone to translational selection on codon usage ([table 1](#evw068-T1){ref-type="table"} and [fig. 1](#evw068-F1){ref-type="fig"}), shifts in amino acid composition ([table 2](#evw068-T2){ref-type="table"}), and protein lengths, are largely those involved in protein synthesis and cell cycling. This concurs with recent findings from other emerging arthropod models ([@evw068-B80]).

###### 

Functional Clustering of Highly Expressed CDS (all CDS above the 95th percentile of FPKM) in *Parasteatoda tepidariorum* Embryos Using Their Orthologs in the Model *Drosophila melanogaster* and the Gene Ontology System DAVID ([@evw068-B34])

  *P* value                                                            
  -------------------------------------------------------------------- ----------------
  Cluster 1: Enrichment score 35.68                                    
      Cytosolic part                                                   4.00 × 10^−48^
      Cytosolic ribosome                                               1.80 × 10^−44^
      Ribosomal protein                                                6.60 × 10^−42^
      Ribosome                                                         1.10 × 10^−39^
      Structural constituent of ribosome                               4.60 × 10^−38^
      Ribosomal subunit                                                6.00 × 10^−31^
      Ribosome                                                         8.40 × 10^−29^
      Structural molecule activity                                     3.40 × 10^−19^
  Cluster 2: Enrichment score 24.41                                    
      Mitotic spindle organization                                     6.40 × 10^−36^
      Spindle organization                                             3.50 × 10^−32^
      Microtubule cytoskeleton organization                            4.00 × 10^−30^
      Microtubule-based process                                        3.70 × 10^−28^
      Mitotic cell cycle                                               2.60 × 10^−27^
      Cytoskeleton organization                                        2.90 × 10^−26^
      Cell cycle                                                       2.30 × 10^−18^
      Cell cycle phase                                                 1.10 × 10^−17^
      Cell cycle process                                               1.10 × 10^−17^
      M phase                                                          1.30 × 10^−17^
  Cluster 3: Enrichment score 9.26                                     
      Mitochondrial ATP synthesis coupled electron transport           3.10 × 10^−12^
      ATP synthesis coupled electron transport                         1.20 × 10^−11^
      Respiratory electron transport chain                             3.20 × 10^−11^
      Electron transport chain                                         4.20 × 10^−10^
      Cellular respiration                                             2.40 × 10^−9^
      Energy derivation by oxidation of organic compounds              1.50 × 10^−8^
      Respiratory chain                                                1.50 × 10^−8^
      Mitochondrial respiratory chain                                  3.30 × 10^−8^
  Cluster 4: Enrichment score 7.32                                     
      Hydrogen ion transmembrane transporter activity                  6.00 × 10^−9^
      Monovalent inorganic cation transmembrane transporter activity   9.20 × 10^−9^
      Inorganic cation transmembrane transporter activity              1.90 × 10^−6^

N[ote]{.smallcaps}.---*P* values are from a modified Fisher's test, wherein lower values indicate greater enrichment. The four GO clusters with the highest enrichment scores are shown.

Arthropod embryos are highly complex structures, spanning an array of developmental stages and tissue/cell types ([@evw068-B20]; [@evw068-B47]; [@evw068-B14]; [@evw068-B64]; [@evw068-B21]). Although many of the moderately and lowly expressed genes studied herein may play specific roles in embryonic development, they appear to be less prone to selective pressures, perhaps because they are innately less costly due to lower transcription and translation levels. Furthermore, some of these genes might be more dispensable to embryogenesis, or have minimal fitness effects ([@evw068-B32]; [@evw068-B43]), particularly those from the lowest expression class, as compared with those from the highest expression class ([table 3](#evw068-T3){ref-type="table"}).

### Codon Usage in Drosophila Orthologs

Finally, we assessed whether spider genes and their orthologs in the fly *D. melanogaster* shared similar optimal codon usage patterns. Although this spider has T3 optimal codons ([table 1](#evw068-T1){ref-type="table"}), the fly taxon is known to have GC3 optimal codons ([@evw068-B24]; [@evw068-B44]). We used the optimal codon lists from [@evw068-B24] and calculated Fop for the fly orthologs to spider CDS from the low, moderate, and high expression classes. As shown in [figure 3](#evw068-F3){ref-type="fig"}, we found that indeed *D. melanogaster* orthologs of genes that were highly expressed in the spider had statistically significant higher Fop than those orthologs from the moderate or low expression classes (ranked ANOVA *P* \< 0.001, Dunn's paired contrast *P* \< 0.05), indicating that the optimization of codon usage is conserved across these orthologous gene sets, despite the fact that these two organisms have markedly different types of optimal codons (T3 versus GC3). Although the greater usage of optimal codons, which mostly end in GC3 in the fly, automatically implies higher expression, we verified that these orthologs had qualitatively similar expression profiles to those found in *P. tepidariorum*. For this, we used the RNA database from modEncode ([@evw068-B27]) and studied expression (given in modEncode as RPKM) for fly embryos, using data spanning an array of developmental stages (every 2 h between 0 and 24 h). Indeed, we found that the expression level of fly orthologs to genes in the high, moderate, and low expression classes in *P tepidariorum* decreased in an anticipated manner: The mean RPKM values were 417.2 ± 12.4, 120.9 ± 2.0, and 90.9 ± 7.6, respectively (*P* value ranked ANOVA \< .001, each Dunn's contrast *P* \< 0.05). Thus our results provide an important example showing that optimized codon usage is conserved across orthologs from two highly divergent systems, even when the types of optimal codons are markedly different.

![The Fop of *Drosophila melanogaster* orthologs of *Parasteatoda tepidariorum* genes with low, moderate, and high expression levels. The *D. melanogaster* optimal codons, which preferentially end in G or C, were taken from [@evw068-B24]. Different letters indicate a statistically significant difference using ranked ANOVA (*P* \< 0.001) and Dunn's paired contrast (*P* \< 0.05).](evw068f3p){#evw068-F3}

The distinct optimal codons (T3) in *P. tepidariorum* as compared with *D. melanogaster* suggest that a major shift in codon usage has occurred since the divergence of these arthropods. There are several feasible mechanisms that could explain this shift. It is possible that this shift was mediated by reductions in population size, which weaken selection on codon usage, allowing new optimal codons and tRNA populations (often measured as number of tRNA genes; [@evw068-B23]) to emerge upon population expansion. For example, in *Drosophila willistoni*, it has been found that the most preferred codons are T3, unlike other Drosophila species, which have G3 or C3 preferred codons. It has been proposed that this might arise from population size changes, or from shifts in tRNA pools, over the evolutionary history within this single genus ([@evw068-B77]). Accordingly, it is reasonable to infer that comparable shifts might have occurred in population sizes and tRNA pools since the divergence of spiders and flies, which are from different arthropod subgroups (Chelicerata and Pancrustacea, respectively). An alternate explanation for the differences in optimal codons between spiders and flies is that the expression of tRNA genes differs markedly across taxa (as their expression can even vary among tissues; [@evw068-B48]). Moreover, it is worth noting that for 2-fold degenerate sites and many 3-, 4-, and 6-fold sites, a shift from C3 optimal codons (in Drosophila) to T3 optimal codons (in Parasteatoda) could be achieved without any changes in tRNA pools due to wobble positions (e.g., for Asp, GAT and GAC may be matched to the same tRNA anticodon, GTC). Future analyses of tRNA populations in spider will help ascertain the causes of divergence in the types of optimal codons among *D. melanogaster* and *P. tepidariorum* and the putative role of translational selection.

Conclusions
===========

We have shown that the emerging spider model *P. tepidariorum* provides a valuable system to study factors underlying the molecular evolution of protein-coding genes in a noninsect arthropod. Our assessment revealed not only that codon usage and protein lengths vary with expression in this basally branching arthropod, but also that amino acid usage, which remains poorly studied in the literature, is connected to transcription level. A propensity to utilize specific amino acids in highly transcribed genes, if ultimately reported in a broad range of organisms, would suggest that expression-mediated selection on amino acid frequency is a significant factor in genome evolution that can contribute to minimizing costs of protein biosynthesis and stability, and shaping the relative abundance of amino acids in the genome. Findings of expression-related preferences for specific codons, inexpensive amino acids, and short CDS lengths, as observed herein, are consistent with translational selection to promote cost-efficient protein synthesis ([@evw068-B24]; [@evw068-B23]; [@evw068-B4]; [@evw068-B76]; [@evw068-B18]; [@evw068-B38]; [@evw068-B86]) but might also arise from selection for cost-efficient transcription ([@evw068-B76]; [@evw068-B75]). Our data suggest that protein synthesis and cell cycling genes are most prone to selection on their codons, amino acids, and CDS lengths, likely enhancing organism-level fitness by reducing the costs of synthesizing these abundant proteins, which are inherently essential to all tissue types and stages of development. Expanding research on codon usage, amino acid frequency, and protein lengths to a wider range of nontraditional model organisms will help further elucidate the dynamics underling the evolution of protein coding DNA, and the importance of expression-mediated selection in shaping the evolution of eukaryotic genomes.
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